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1. Introduction

The current emphasis on fast, maneuverable, lightly armored vehicles has lowered the basic
threat-level protection from large-caliber artillery rounds, shaped charges and kinetic energy
(KE) penetrators to lesser threats represented by small-caliber penetrators and artillery-generated
fragments. Beside the mechanical damage expected from perforating threats, there is now the
added consideration of multiple thermal sources in close proximity to energetic materials such as
propellants, explosives, and fuel. In addition, power cables, sensors, and other thermally
sensitive materials are at risk. As primary armor protection decreases, secondary protection
offered by storage compartments and component casings becomes an essential survivability
factor.

2. Objectives

The objective of this study is to devise a computational methodology to predict the thermal
regimes which can lead to the ignition of stowed propellants and other energetic materials in
close contact with armor-perforating threats. Secondary objectives are estimates of the residual
penetrators’ mass, velocity, and geometry for collateral damage predictions.

3. Approach

Using the FATEPEN penetration equations (1), estimate the impact velocity for each penetrator
mass/ target thickness combination that will yield an exit or residual velocity of ~300-400 m/s.

Transferring these initial conditions to the experimental range and firing into simulated inert
propellant, adjust the impact velocities to obtain a range of exit velocities that will permit the
residual penetrators to be captured in a live propellant bed.

Substitute these initial conditions into the CTH shock physics code (2) and simulate the
perforation mechanism and residual penetrator characteristics for 100-200 us. Duplicate the
CTH runs on the experimental range and compare results.



4. Experimental Ballistic Results

4.1 Materials

To avoid ambiguity in material properties, the American Iron and Steel Institute (AISI) 4340
steel plate (manufactured to AMS 6359 specifications and tempered to Rockwell C = 39-40) was
selected for the target plate. Target plates were obtained in nominal thicknesses of 6.35, 9.53,
and 12.7 mm. Heat treatment and scale removal reduced these thicknesses by 0.76 mm. The
selected ballistic threats were 208-gr (0.50-cal.) and 830-gr (20-mm) right circular cylinder
fragment-simulating projectiles (FSPs) with a length-to-diameter (L/D) ratio = 1 and machined
from the AISI 4340 25.4-mm rod and tempered to Rockwell C = 29-30. The energetic material
was M30A1 propellant downloaded from XM 232 155-mm modular artillery charges (MACSs).

4.2 Ballistic Apparatus

The ballistic measurements were conducted using the experimental test setup shown in figure 1.
The preselected experimental parameters included the mass, geometry, and velocity of the
impacting FSP and the thickness of the target plate. Measurements were of the mass,
temperature, and velocity of the exiting or residual FSP and the associated plug from the target
plate.

4340 Steel Plate

Module 1 FSP Chisel Point L/D = 1
l Launch Tube
Nylon 66 . |
Pellets : : E At

Timing Screens

Figure 1. Ballistic test schematic.

The modular recovery system was designed to capture the residual FSPs without damage or
distortion and, at the same time, measure the temperature of the FSP as it comes to rest. All
shots were fired at 0° obliquity, and impact velocities were selected by FATEPEN (1) to give
residual velocities in the range of ~1000 ft/s to facilitate capture of the residual FSP and plug
sheared from the wall of the target plate.



4.3 Ballistic Results
The ballistic results for the 830- and 208-gr FSPs are given in table 1.

Table 1. Comparison of 830- and 208-gr FSP CTH and experimental results.

Experimental CTH

Shot No. | Target FSP Vimp Vres FSP REs Plug Vimp Vres

(mm) (gr) (mfs) | (m/s) (gr) (gr) (mfs) | (m/fs)

1 5.59 830 620 431 768 135 609 303
2 5.59 830 623 476 770 167 — —
3 5.59 830 631 482 767 180 — —
4 8.76 830 712 415 717 343 701 239
5 8.76 830 712 411 733 330 — —
6 8.76 830 714 413 737 346 — —
7 11.9 830 736 303 694 465 732 151
8 11.9 830 735 322 682 462 — —
9 11.9 830 734 283 695 464 — —
10 5.59 208 806 473 183 75 793 303
11 5.59 208 801 466 183 76 — —
12 8.76 208 758 276 162 152 732 NE
13 8.76 208 790 NE — 133° — —
14 8.76 208 760 NE — 131° — —

Notes: NE = no exit; Vimp = impact velocity; and Vres = residual velocity.
3Exit velocity of the plug = 247 m/s.
PExit velocity of the plug = 209 m/s.

4.4 Propellant Ignition Limits

Propellant ignition temperatures are determined in the apparatus shown in figure 2.

An FSP was suspended in a vertical tubular furnace at a preset temperature until thermal
equilibrium was obtained. The FSP was dropped into a small amount of propellant and the time
to ignition noted. If ignition did not occur, the furnace temperature was raised and the experiment
repeated (3). At FSP temperatures close to the ignition limit, the delay to ignition increased
dramatically.

4.5 Hot Fragment Conductive Ignition (HFCI) Test Results

For the 830-gr FSP, the longest ignition delay was 18 s, indicating a very close proximity to the
ignition limit. Several runs were carried out in the vicinity of the lowest ignition temperature to
establish a statistical go/no-go confidence level. The experimental results for the 830-gr FSP
indicated an ignition temperature of 249.8 + 5 °C, as determined from the experimental results
shown in figure 3. Similar experiments with the 208-gr FSP gave an ignition temperature of
256.1 46 °C. Runs 4 and 14 used ground propellant instead of the granular form, without any
noticeable effect.”

“The nominal size of the M30A1 propellant grain is 25.4 x 12.7 mm.
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Figure 2. Hot fragment conductive ignition apparatus.
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Figure 3. HFCI experimental results for the 830-gr FSP.

4.6 Residual Temperature Measurements

Infrared (IR) Techniques: Residual FSP temperature measurements proved to be a significant
challenge. Originally, it was anticipated that high-speed IR camera measurements would
thermally characterize the residual FSP just prior to contact with the propellant. Because of
emissivity factors and the limited vertical field of view of 75 mm for residual penetrators at
~300 m/s, the IR camera technique was not satisfactory. A two-color IR technique which
reduces emissivity factors has been suggested as a possibility for future measurements.



4.6.1 Polymeric Melting Points

The most successful thermal indicators were polymeric materials with sharp melting points in the
vicinity of the propellant ignition temperatures (module 1, figure 1). Using the MatWeb Material
Properties website (4), a search for polymers to match the melting point, density, and thermal
conductivity of the M30A1 yielded nylon 6 6 with 30% fiberglass filler as a suitable match

(table 2). Note that nylon 6 6 is available in 6- x 12-mm pellets.

Table 2. Nylon propellant simulant properties.

MP ) A
(°C) (glem®) (W/m-K)
M30A1 250 1.62 0.42
nylon 6 6 249 1.62 0.55

Dropping a 830-gr FSP heated to 255 °C into a bed of nylon 6 6 pellets gave the results shown in
figure 4. The numerous nylon pellets melted to the sides of the FSP indicated a sharp melting
point and the possibility of ignition if live propellant had been used.

Figure 4. Nylon beads melted on residual FSP.

Unfortunately, single polymers could only indicate that fragment temperatures were either above
or below the ignition limit. Experiments are in progress to combine colored polymeric materials
with different melting points, which will provide a broad thermal profile for a residual FSP.

Figure 5 shows the degree of attachment of nylon 6 6 pellets to 208- and 830-gr FSPs as a
function of FSP mass and impact velocities on 5.56- and 8.76-mm 4340 steel plates, respectively.



208-gr FSP 208-gr FSP 830-gr FSP 830-gr FSP

* J

762 m/s 853 m/s 640 m/s 762 m/s

Figure 5. Experiments with FSPs nylon 6 6 at various impact velocities.

As expected, higher velocities give higher FSP temperatures as indicated by the number of
pellets attached to each FSP mass. Subsequent range experiments, described in section 4.6.4,
demonstrated that the higher velocities show above would have resulted in propellant ignition.

4.6.2 CTH Simulation Results

CTH, a shock physics code designed to model ballistic impact and penetration (2), was used to
run a series of two-dimensional (2-D) simulations of the ballistic experiments described under
the experimental ballistic results section.

Figure 6 shows the general configuration at time zero for all runs. The left side of the diagram
represents the color-coded temperature regimes and the right side a color-coded material

designation. In this case, since both the target and the projectile were of the same material, the
target had been assigned a different color to avoid confusion. Each run was conducted in 2-D.

Tracer #11

TARGET PLATE W steet
[ voo

TEMPERATURE MATERIALS

2pC X (em)
4340 Steel frogment L=2.32 em, D=2.00 cn impoct on 4340 Steel, 9d.4m/s
FZPFFQ G 08/26/03 15:53:44 CTHGEN 0 Time=0,

Figure 6. Simulation setup.



Each FSP was oriented at the origin, symmetrically around the y axis. Tracer points,* used in
these simulations to track velocity and temperature, were also shown in the diagram. Tracer
points 3, 7, and 11 were chosen as representative of areas of low, medium, and high temperature,
respectively.

Different thicknesses of steel plate were modeled to match the three plate thicknesses used in the
experiment. The cell size in the mesh was 0.4 x 0.4 mm throughout the area of interest. The
axisymmetric nature of the problem was exploited in order to reduce computation time.

The SESAME tabular option for iron was chosen as the equation of state model, since it was the
recommended model when temperature was an important variable as in this simulation (5). The
Johnson-Cook strength model (6), as well as the Johnson-Cook fracture model (7), was also
selected using the default parameters for 4340 steel, Rockwell C = 30 (Rockwell C = 39/40
parameters were not available).

4.6.3 Results of Ballistic Simulations

The results, shown in table 1, compare the experimental residual velocities with the values with
respect to the residual FSP velocities and the thermal ignition criteria determined by the nylon
pellets. A second set of experiments assessed whether a connection could be made between the
temperature of the FSP predicted by modeling and ignition of the M30A1 propellant. Figure 7
shows a residual FSP fired into a nylon bed as compared to an equivalent simulation. Note that
the location of the nylon pellets corresponds to the high-temperature yellow-orange (~300 °C)
region of the simulated FSP.

Figure 7. Comparison of CTH prediction and nylon experiment.

While the simulated results agreed, in general, with experimental results, the residual velocities
were underpredicted, as shown in table 1. Qualitative agreement between the temperature
distribution within the simulated FSP and experimental results is illustrated in figure 7. Areas of

*Lagrangian tracer points define a location in a material from which preselected data variables can be collected at regular time
intervals in a history file.



the FSP to which the nylon 6 6 pellets adhered were consistent with model temperature
predictions.

Model predictions are summarized in table 3 for both the 208- and 830-gr FSP. Experimentally,
ignition occurred at impact velocities of 823 and 853 m/s for the 208-gr FSP and 707 m/s for the
830-gr FSP. Locations of tracer points 3, 7, and 11 were illustrated in figure 6.

Table 3. Comparison of simulations with experiment.

Impact Residual Fracture | Tracer Pt. 7 Tracer Pt. 3 Tracer Pt. 11

FSP Velocity Velocity Option? Low Temp. Mid-Pt. Temp. | High Temp.
(gr) (m/s) (m/s) ) C) C)
208 762 146 p 105 206 350
208 793 232 p 118 208 372
208 808 245 p 122 209 384
208 823 275 p 125 211 392
208" 853 326 p 132 212 413
830 640 185 S 110 227 357
830° 707 276 S 116 233 383
830° 732 293 s 126 237 411
830" 762 330 s 133 242 431

%0 = pressure option, and s = stress option.
PExperimentally indicated conditions under which propellant ignition should occur.

An important difference existed between the simulations conducted for the first (ballistic) and
second (propellant ignition) set of experiments. In addition to the Johnson-Cook fracture model,
another fracture model (8) was also used. This model determined fracture based either on stress
or pressure. When fracture itself was of interest, the stress option was recommended. While
using the “stress” option in the first set of simulations proved to be successful, an instability
related to this option was discovered while running the second set of simulations. This
instability expressed itself at impact velocities above ~765 m/s for the 208-gr FSP. Upon
consultation with the CTH development team at Sandia National Laboratories (SNL), it was
determined that this instability represented a problem with the code itself (the SNL team is
working to resolve this issue). But in the meantime, these simulations were run using the
“pressure” option. Runs utilizing the “pressure” option predicted slower residual velocities and
slightly different temperatures than those using the “stress” option. (See table 4 for comparisons
of the 208-gr FSP for “stress” vs. “pressure” options.) Figures 8 and 9 show side-by-side
comparisons of CTH-generated simulations for 208-gr and 830-gr FSPs, respectively. These
figures illustrate subtle differences in the simulated temperature distribution at varying impact
velocities. The temperature distribution is shown at the left side of each FSP, with blue
indicating the lowest temperature and red the highest.



Table 4. Simulated results for “stress” and “pressure” fracture options.

Impact Residual Fracture | Tracer Pt. 7 Tracer Pt.3 | Tracer Pt. 11
FSP Velocity Velocity Option? Low Temp. | Mid-Pt. Temp. | High Temp.
(gr) (m/s) (m/s) cC) cC) cC)
208 762 146 p 105 206 350
208 762 225 S 103 204 363
830 701 189 p 126 228 380
830 701 276 s 116 233 383

%0 = pressure option, and s = stress option.

From the modeling perspective, the most critical issue left to be resolved was experimental
verification of temperatures predicted by the model. This verification was complicated by the
fact that temperature was not uniform across the body of the FSP. While the “ignition—no
ignition” threshold did provide a crude measure, a finer, more accurate measurement was crucial.

4.6.4 Propellant Ignition Experiments

The CTH simulation shown in figures 8 and 9 and the polymer shots in figure 5 indicate that at
impact velocities above 800 m/s for the 208-gr FSP and above 700 m/s for the 830-gr FSP,
ignition of live propellant should occur. To verify these predictions, model verification
experiments were carried out in the apparatus shown in figure 10. Dense NOMEX felt pads
were placed behind the target plate to catch any residual spall particles that may be generated.”
High-density polypropylene pads were designed to slow down the projectile so that it came to a
stop within the propellant bed. Inert propellant grains of the same size and density as M30A1
were used to determine the proper spacing. If ignition did not occur, the top of the box was
removed to ensure the FSP stopped in the propellant bed.

The results, shown in table 5, were in excellent agreement with the predictions. It is interesting
to note that shot 2 (ignition) and shot 4 (nonignition) had impact velocities just 4 m/s apart,
indicating the sensitivity of the thermal source to impact velocity.

5. Conclusions

Range experiments show propellant response from no reaction to ignition within a 4-m/s spread
in the impact velocity (table 5). These results demonstrate the importance of being able to
simulate the vulnerability of our ammunition compartments to a variety of threats during the
armored vehicle design process.

A computational model is developed using CTH for the purpose of simulating the impact
conditions under which thermal ignition of energetic materials would occur upon perforation of
an armor plate by fragments. While at this point results remain largely qualitative, they have

"No spall particles were detected in the NOMEX pads or in the propellant bed.
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Figure 8. CTH simulations of 208-gr FSP at varying impact velocities.
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Figure 9. CTH simulations of 830-gr FSP at varying impact velocities.
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Figure 10. Propellant ignition experimental schematic.

Table 5. Propellant ignition verification results.

Shot FSP Plate Impact Ignition/ Ignition
No. Mass | Diameter | Velocity | Nonignition Time
@) | (mm) | (ms) __ ()
1 208 5.59 671 Nonignition —
2 208 5.59 821 Ignition 12
3 208 5.59 754 Nonignition —
4 208 5.59 817 Nonignition —
5 208 5.59 848 Ignition 8
— — Limit ~819 — —
6 830 8.76 644 Nonignition —
7 830 8.76 614 Nonignition —
8 830 8.76 669 Nonignition —
9 830 8.76 707 Ignition 5
— — Limit ~687 — —

been encouraging. The perforation mechanism appears to be adequately described and there is
little doubt that the primary ignition site is the orange-yellow band that girdles the forward
section of the residual fragment edge of the fragment (see the appendix). Among the outstanding
issues are the discrepancies between the predicted exit velocities and experimental values. Also,
the surprisingly sharp thermal gradients created by the work done in shearing off fragment
material as it perforates the target plate raises the question of how to redefine the concept of an
“ignition temperature” to a “thermal ignition profile” of the residual fragment. Subsequent
experiments will attempt to define the relationship of the thermal ignition sites as a function of
the impact velocity.

The current simulations will be rerun when all the necessary coefficients to the equation of state
are available for 4340 Rockwell C = 40. In the future, we expect to join the CTH code to a heat
transfer code and examine the competition between the rate of heat transferred to the propellant
and the rate of heat transferred to the cooler parts of the FSP in the vicinity of the ignition limit.

11
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Appendix. Fragment-Simulating Projectile Deformation

Figure A-1 contains photographs of the sequential stages of fragment-simulating projectile (FSP)
deformation during the perforating a 4340 plate. Figure A-2 is the CTH simulation duplicating
the conditions of the experimental shot. Figure A-3 is a graphic of the CTH simulation. The thin
orange band is ~860 K, the yellow ~650 K, the green ~476 K, and the blue the ambient
temperature 300 K. (The ignition temperature of M30 in contact with an 830 gr FSP is 520 K.)
The steep temperature gradients between the major temperature zones have not been duplicated
in the graphic. The high temperature zones at the impacting edge of the exiting residual FSP are
consistent with the premise’ that most of the mechanical work done in the FSP perforation
process is the shearing off of the mushroomed section of the FSP (figure A-1, middle). For a 0°
obliquity shot, the chisel point of the FSP acts like a piston and extrudes the metal behind the
piston into the mushroom configuration. This movement has been verified by using selected
tracer points during the CTH simulations. The hottest regimes, indicating the most mechanical
work, will always be at the intersection of the FSP barrel and the impact generated “mushroom”
prior to the combined perforation/shearing action.

Figure A-1. Sequential stages of FSP deformation during the perforation of a 4340 plate.

'Baker, P. U.S. Army Research Laboratory, Aberdeen Proving Ground, MD. Private communication, 2003.
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Figure A-2. CTH simulation duplicating the
conditions of the experimental shot.

Figure A-3. CTH simulation.

The temperature is a function of the velocity of the FSP and the thickness of the plate. The more
resistance to impact, the more deformation and subsequently a larger amount of material sheared
off. This results in a higher temperature and larger volume of superheated material. Table 1
shows that the thicker plate and higher perforation velocity gives a lighter weight residual mass.

14
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